Differential antioxidative activities were assessed in the leaves of two maize inbreds (A-180 and A-619) under salt stress and the subsequent recovery period. Total antioxidation test revealed that in both inbreds, this ability was sharply increased during stress period, but was slowly reverted back to the normal level during recovery. The enzymatic antioxidative analysis showed differential patterns in the activities of catalase, peroxidase and polyphenol oxidase in both maize inbreeds. Comparative analysis of the activity of phenylalanine ammonia lyase (PAL), a key enzyme at the gateway of propanoid biosynthetic pathway, suggested that propanoid compounds might be antioxidants of pivotal importance to the salt-challenged maize antioxidation system. As for drought-stressed plants, a PAL-dependent antioxidative strategy is proposed as a promising target for maize salt resistance engineering.
INTRODUCTION
Soil salinity is one of the major abiotic stresses, which reduces crop production all around the world (Schleiff, 2008) . Salinity stress causes injury in plants by osmotic stress, ionic effect, nutrient deficiency, generating reactive oxygen species (ROS), thereby affecting various physiological and biochemical mechanisms associated with plant growth and development (Munns, 2002) .
Production of ROS is one of the early responses to different types of environmental stresses, including the salinity (Alscher et al., 1997; Hernàndez et al., 2001; Abel et al., 2003) . In plants, the overproduction of ROS may eventually cause membrane damages and multiple cellular damages affecting transcription, translation, protein activity, metabolic changes and leading to programmed cell death (Blokhina et al., 2003; Desikan et al., 2001 ; Lee et al., 2007; Rental et al., 2004; Yoda et al., 2006) . It has been suggested that salt effects on plant cells are mediated by an enhanced generation of ROS (Asada, 1994; Gossett et al., 1994) . For protection against this ROS burst, plants have evolved adaptive antioxidative strategies to reduce oxidative damage resulting from salt stress. Salt-tolerant plants having an efficient antioxidative system for effective removal of ROS are able to regulate water, ionic relations and other salt effects, efficiently (Rout and Shaw, 2001; Saleh and Plieth, 2009 ).
Antioxidative system in plants is grouped into two classes consisting of enzymatic and non-enzymatic types (Adam et al., 1995; Bestwick et al., 2001) . The enzymatic antioxidation is carried out by a series of redox enzymes generally catalyzing electron transfer to ROS using low molecular weight antioxidant compounds (e.g. ascorbate, tocopherol, glutathione, phenols and flavonoids) as electron and proton donors (Shoa et al., 2007; Mittler, 2002) and by the enzymes that are involved in the synthesis and regeneration of the low molecular mass antioxidants (Larson, 1988) . Non-enzymatic antioxidation has been found to be carried out by some high molecular weight compounds mostly including a number of proteins that avidly scavenge ROS and protect plants structures and functions against oxidative damages (Okada and Okada, 1998) .
In general, plants with high levels of antioxidants have been reported to posse greater resistance to different types of environmental stresses including salt stress (DionisioSese and Tobita, 1998; Young and Jung, 1999; Stepien and Klobus, 2005) . On the other hand, plants exhibit different types of antioxidative profiling in response to different types of environmental stresses (Saleh and Plieth, 2009) . So far, no specific and conclusive profiling of antioxidive system has to our knowledge been reported for salt stress, suggesting that the antioxidative response can vary with the stress intensity and duration, combined effects of other environmental factors and plant species/varieties.
Maize is an important crop all around the world. It is well characterized by the multiplicity of its agro-industrial uses. However, in many areas of the world, its productivity is limited because of soil salinization (Hichem et al., 2009) . The improvement of the maize yield potential in these areas through recombinant DNA technology approaches will requires understanding the possible adaptive mechanisms to salinity stress. The objective of this study was to elucidate the relative participation of some antioxidative components including catalase, peroxidase, polyphenol oxidase and phenylalanine ammonia lyase in salt-challenged maize plants.
MATERIALS AND METHODS

Plant growth and treatments:
The grains of Zea mays L (inbred lines A-180 and A-619) were provided by Dr. B. Baghban Kohnehrouz (plant genetic engineering laboratory, Department of Plant Breeding and Biotechnology, University of Tabriz, Iran). Grains were surface sterilized using 1% NaOCl for 15 min and then rinsed three times in distilled water. Sterilized grains were germinated and grown till seedling stage in petri plates. The 8 days old seedlings with uniform sizes were transferred into experimental tubes containing 20 ml of modified Hoagland nutrient solution (Gholizadeh et al., 2007) . They were allowed to grow under laboratory sun light condition (day to night period of 12 h: 12 h and humidity of about 65%). For salt stress treatment, test plants at forth leaf stage were exposed to high salt concentrations (150 mM NaCl) for 24 h. Then plants were reverted back to the normal non-stressed conditions and allowed for recovery for 4 days. The leaf blades were randomly harvested from different leaves of the same plant at 24 h time intervals and processed for further experiments. All materials are freshly analyzed and not stored in -80ºC.
Total antioxidant power assay:
The total antioxidant ability of the plant leaf materials was determined using ferric reducing antioxidant power (FRAP) assay (Benzie and Strain, 1999) . To 1 ml of plant extract in 0.1 M phosphate buffer (pH 7.0), 3 ml of FRAP reagent (10 mM TPTZ: tripyridyl triazine, 20 mM FeCl 3 . 6H 2 O and 300 mM sodium acetate buffer (pH 3.6) in the ratio of 1:1:10) were added and the reaction mixture was incubated at 37ºC for 4 min. The assessment was carried out spectrophotometerically at A 593. Antioxidant potential was determined against the standard curve of ferrous sulphate (Fe, 100-1000 μM). Ascorbic acid (100μM) was served as a positive control and BSA was used as negative control. FRAP values were calculated as follows: FRAP value (μmol 100mg Enzyme extraction: 200 mg of leaf blades were homogenized in 1 ml of 0.1 M phosphate buffer (pH 7.0) containing 0.5 μl of β-mercaptoethanol and a pinch of polyvinyl polypyrrolidone (PVP). The homogenate was centrifuged at 12,000 × g for 10 min and the supernatant was used for redox enzymes activity assay.
Catalase activity analysis: Catalase activity was assayed according to previously described method (Sadasivam and Manickam 1992) . The assessment was carried out spectrophotometrically by monitoring the changes in the OD values at 240 nm. Time required for a observation of a decrease in OD from 0.45 to 0.40 was noted and used for calculating enzyme units. The activity of the enzyme was presented as units per mg of soluble protein.
Peroxidase activity analysis:
The peroxidase activity was measured using the method as described by Sadasivam and Manikam (1992) . One unit of the enzyme was considered as the amount of the enzyme that was responsible for the increase in OF THE ANTIOXIDATIVE SYSTEM OF SALT-CHALLENGED MAIZE LEAVES OD value of 0.1 in 1 min at 436 nm. The activity of the enzyme was expressed as units per mg of soluble protein.
Polyphenol oxidase activity analysis: Method of Siddique et al. (1992) was followed for the assay of polyphenol oxidase activity. The unit of enzyme activity was defined as the rate of changes in one unit absorbance per min at 420 nm. Enzyme activity was expressed as units per mg of soluble protein.
Phenylalanine ammonia lyase activity analysis: Leaf samples (200 mg) were homogenized in 2 ml of 25 mm borat buffer, pH 8.8 containing 2 μl β-mercaptoethanol and a pinch of polyvinyl polypyrrolidone (PVP). The homogenate was filtered through the cheese cloth, centrifuged at 12,000 × g for 10 min and the supernatant was used for enzyme activity assay according to Sadisivam and Manickam (1992) . One unit of the enzyme was defined as increase in absorbance of one unit per min. The activity of the enzyme was expressed as units per mg of soluble protein. 
RESULTS
Total antioxidative capacity:
In order to test the total antioxidative capacity of maize leaves, FRAP assay was performed at three different stages including before stress (days 1, 2 and 3), during stress (day 4) and recovery period (days 5, 6 and 7). FRAP test is known as a simple and reproducible method used for the assessment of the total antioxidative capacities from different sources. For better assessment of the results, a control non-treated plant was also considered. The results showed that the antioxidative capacity in the leaves of maize A-180 sharply increased to 1.9 μmol Fe II /100 mg during stress period (Figure 1 ). This property decreased slowly close to the normal level during recovery period. The total antioxidative status of leaf tissues reached up to 0.71 μmol Fe II /100 mg after four days of recovery. Response of total antioxidative status in maize A-619 leaves showed a similar pattern as that of A-180 (Figure 1 ). In this plant, the FRAP value sharply increased up to 1.1 μmol Fe II /100 mg, but it slowly declined close to the level of before the stress exposure (~0.75 μmol leaf materials were processed for their total antioxidative ability using ferric reducing antioxidant power (FRAP) test at three different stages including before stress (days 1, 2 and 3), during stress (day 4) and recovery period (days 5, 6 and 7). A control non-treated plant was also considered for better assessment of the results. Data were presented as the means of duplicates.
Redox enzymes activities:
To explain the relative role of redox enzymes in the antioxidative system of saltchallenged maize plants, we assessed the activities of catalase, peroxidase and polyphenol oxidase. All assessments were carried out on leaf materials collected from the same plant at three different stages: 24 h before stress, 24 h after stress treatment and 24 h after recovery. The results revealed that during salt stress the activity of catalase increased in Figure 2. Enzymatic assessment of antioxidation status. The leaf blades of both maize inbreds were processed for enzymatic antioxidative status in terms of the three redox enzymes activities including catalase, peroxidase and polyphenol oxidase as described in materials and methods. The assessments were carried out at three time points including 24 h before stress treatment (plant condition 1), 24 h after stress treatment (plant condition 2) and 24 h after recovery (plant condition 3). Data were presented as the means of duplicates analyzed at P≤ 0.05 analyzed at P≤ 0.05.
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The peroxidase activity was reduced in both lines during the stress period. A decrease of about 0.015 and 0.006 units were measured for A-180 and A-619, respectively ( Figure  2 ). Data showed that the antioxidant capacity in the leaves of maize A-180 did not reach the same level of before the stress imposition.
The activity of polyphenol oxidase enzyme was found to be enhanced up to 9.9 and 6.3 units in A-180 and A-619 maize plants, respectively, upon salt stress for 24 h (Figure 2 ). This enzyme activity was found to recover the levels of before stress condition during 24h recovery period in both maize varieties A-180 andA-619.
The overall results revealed that in contrast to the total antioxidative status of the leaves of stressed plants, for the activities of catalase, peroxidase and polyphenol oxidase no significant activation or deactivation remained during recovery period in both inbred lines.
Activation of phenyl propanoid biosynthetic pathway:
The results showed that activity of PAL increased quickly during one day salt stress period in both maize inbreds ( Figure  3) . It is increased from 4.5 to 10.2 and from 5.1 to 9.3 units on first day of stress treatment in the maize A-180 and A-619, respectively. Data showed that the PAL activities in both plants were not significantly reverted back to the levels verified before the stress, at least during the first 24h after the stress release.
The overall pattern in the activity of the PAL enzyme showed similarity to the total anitioxidation pattern in maize plants under salt stress conditional shif. Figure 3 . Assessment of the activity of phenylalanine ammonia lyase. Activation of propanoids biosynthetic pathway was assessed in terms of PAL activity analysis in both inbreds as described in materials and methods section. Experiment was carried out at three different plant conditions including 24 h before stress treatment (plant condition 1), 24 h after stress treatment (plant condition 2) and 24 h after recovery (plant condition 3). Data were presented as the means of duplicates analyzed at P≤ 0.05. 
DISCUSSION
Earlier studies have been shown that salt stress induces an oxidative burst in maize plants that is followed by the differential activation of their antioxidative system (Stepien and Klobus, 2005; Hichem et al., 2009; Kholova et al., 2009) . Our experiments on different lines of maize confirmed these earlier results and revealed that the total antioxidative capacity of both maize lines sharply increased after the stress imposition, but it is decreased slowly close to the normal level straight after the stress release (Figure 1 ).
There are several reports of increase in total antioxidant capacity of different plants under salinity stress (Gossett et al., 1994; Tsugane et al., 1999; Sreenivasulu et al., 2000; Hernandez et al., 2001; Gomez et al., 2004; Niknam et al., 2006; Saleh and Plieth, 2009; Heidari, 2009 ). However, so far, much less attention has been given to specific patterns for the antioxidant response over the recovery periods after treatment suspension of salt stressed plants. The present study highlights the relevance of these recovery experiments to provide further assessment criteria for characterization of a resistance phenomenon.
Antioxidative system in plants has been composed of several enzymatic and non-enzymatic components which might be affected differentially under salt stress in different plants. There have been several reports of both increase and decrease in catalase activity in different plants under salt stress (Tsugane et al., 1999; Niknam et al., 2006; Saleh and Plieth, 2009) . In maize, its increase pattern has been previously reported for PEHM 3 and Navgot genotypes (Kholova et al., 2009 ), a characteristic suggested to be related to their salt stress resistance. Since that this pattern of activation is verified only in the maize A-180 (Figure 2 ) it may suggest that this response is quite variable depending on the maize line. Our results showed that the activity of peroxidase reduced in both lines during stress period (Figure 2 ). However, it has been already reported that ascorbate peroxidase activity increased under salinity stress in Limko, Iman varieties and PEHM 3 and Navgot genotypes of maize plant (Stepien and Klobus, 2005; Kholova et al., 2009) . Such a differential variations in the activities of redox enzymes have been numerously reported between the varieties of different plants in response to environmental stresses. Since it is generally accepted that there is a correlation between the increased activity of the redox enzymes and the stress tolerance, it seems likely that peroxidase may not be involved in salt resistance phenomenon in the maize lines A-180 and A-619.
Here we also report the increased activity of polyphenol oxidase during salt stress in these maize lines (Figure 2) . Polyphenolic compounds such as phenolic acids, flavonoids, anthocyanins have been already found to play an important role in scavenging free radicals produced during salt stress in plants (Parida et al., 2004; Ksouri et al., 2007; Hichem et al., 2009) . The antioxidant activity of phenolic compounds is mainly due to their redox properties, allowing them to act as reducing agents, hydrogen donors and singlet oxygen quenchers (Beckman, 2000) . They are implicated in response to different abiotic stresses (Beckman, 2000) . Polyphenol oxidase is one of the polyphenolic compounds redox catalyzing enzyme and the induction of its activity under salinity indirectly could indicate the involvement of antioxidative polyphenols in salt-challenged plants.
The present study revealed that the activities of catalase, peroxidase and polyphenol oxidase undergoes a differential modulation (increasing or decreasing) upon salt stress while the total antioxidative status was consistently increased during the stress and slowly declined during recovery period. Are these differential activation patterns related to their differential contribution in salt resistance mechanism? This is an issue that needs to be further explored in the future.
The enzyme phenylalanine ammonia lyase (PAL) catalyzes deamination reaction of the amino acid phenyl alanine at the gateway from the primary metabolism into the important secondary phenylpropanoid / phenolic metabolism in plants (Hahlbrock and Scheel, 1989) . Effects of different stresses on PAL activity has been previously reported (Dixon and Paiva, 1995; Ritter and Schulz, 2004; Gholizadeh et al., 2004 ).
Here we showed that the activity of PAL increased quickly during one day salt stress period in both maize inbreds ( Figure  3 ). After the stress period, is observed a partial decrease in the stress-induced PAL activation found in both inbreeds during recovery time.
The overall pattern in the activity of the PAL enzyme showed similarity to the total anitioxidation pattern in these maize plants suggesting that PAL could be a component of pivotal importance in this salt-induced maize antioxidative system.
The results indicated that the activation of the antioxidant system is quite variable in maize plants, and restate the question: How much does antioxidation strategy help to salt resistance in maize? Nevertheless, the data clearly indicates that the PAL enzyme can be considered as a new candidate for maize genetic engineering towards the salt resistance.
